In every jawed vertebrate species studied so far, the T cell receptor (TCR) complex is composed of two different TCR chains (a/b or g/d) and a number of CD3 subunits responsible for transmitting signals into the T cell. In this study, we characterised all of the TCR and CD3 genes of small-spotted catshark (Scyliorhinus canicula) and analysed their expression in a broad range of tissues. While the TCR complex is highly conserved across jawed vertebrates, we identified a number of differences in catshark, most notably the presence of two copies of both TCRb and CD3gd, and the absence of a functionally-important proline rich region from CD3ε. We also demonstrate that TCRb has duplicated independently multiple times in jawed vertebrate evolution, bringing additional diversity to the TCR complex. This study reveals new insights about the evolutionary history of the TCR complex and raises new avenues for future exploration.
Introduction
In mammals, the TCR complex is composed of disulphide-linked heterodimers of TCR chains (a/b or g/d) associated with an invariant CD3 signalling complex. Each of the four TCR chains contains an extracellular variable (V) immunoglobulin superfamily (IgSF) domain that recognises proteasome-derived peptides displayed in the groove of major histocompatibility complex (MHC), and a membrane-proximal constant (C) domain involved in signal transmission following TCR engagement (Clevers et al., 1988) . As all of the TCR chains have a very short cytoplasmic tail they need to partner with the CD3 complex, intracellular signalling proteins with long, immunoreceptor tyrosine-based activation motif (ITAM)-containing cytoplasmic tails, which facilitate signal transduction into the T cell. The CD3 complex in mammals is formed of CD3ε, CD3d, and CD3g proteins that associate non-covalently into d/ ε and g/ε heterodimers, plus the disulphide linked z/z homodimer.
Following TCR engagement, tyrosine kinases, such as Lck and Fyn, phosphorylate the tyrosines in the ITAMs of the CD3 and z chains.
This creates a docking site for the protein kinase ZAP70 which, in turn, phosphorylates the adaptor protein SLP-76, allowing recruitment of LAT (Guy and Vignali, 2009; Wunderlich et al., 1999) and initiating the downstream phosphorylation cascade (Ho rej sí et al., 2004; Lin and Weiss, 2001) . Previous work has also demonstrated the importance of the adaptor protein Nck for TCR signalling regulation (Takeuchi et al., 2008) ; Nck can bind to the proline-rich sequence (PXXDY) in the CD3ε cytoplasmic tail (Santiveri et al., 2009 ) via its SH3 binding domain and to SPL-76 via its SH2 binding domain (Wunderlich et al., 1999) . As the CD3ε proline-rich sequence overlaps one of the ITAM domains there is debate as to whether tyrosine phosphorylation is a prerequisite for Nck binding, as well as precisely what role Nck plays in signal transduction (Barda-Saad et al., 2005; Gil et al., 2002; Paensuwan et al., 2015) .
The transmembrane regions of all of the TCR and CD3 proteins contain a number of highly conserved residues that facilitate (Gold et al., 1987) and a CXXCXE motif connecting the extracellular domain to the transmembrane region, which plays an important role in the assembly of CD3 with the TCR and subsequent signal transduction. In contrast, the z chain is not an IgSF member, has a shorter extracellular domain, and forms dimers via a conserved cysteine present in the transmembrane region (Weissman et al., 1988) . z, with its longer cytoplasmic tail, encodes three ITAMs rather than the single ITAM present in the tail of the other CD3 molecules (Chan et al., 1994) . All components of the TCR/CD3 complex need to be fully assembled to allow cell surface display (Clevers et al., 1988) .
While most of the genes for the CD3 signalling complex existed in the ancestor of bony vertebrates (Bernot and Auffray, 1991; Dzialo and Cooper, 1997; Liu et al., 2008; Øvergård et al., 2009) , the duplication giving rise to CD3g and CD3d occurred more recently, in the ancestor of mammals (Bernot and Auffray, 1991) . Thus a single locus, known as CD3gd, is found in non-mammals; CD3gd has a hybrid chain structure with a 'CD3d-like' extracellular domain and 'CD3g-like' intracellular region (G€ obel et al., 2000) . In this case the TCR complex is formed by association of the TCR heterodimer with two CD3ε/CD3gd heterodimers and one z homodimer (Berry et al., 2014) .
Homologues of the four mammalian TCR chains have previously been identified in nurse shark, little skate and elephant shark (Criscitiello et al., 2010; Venkatesh et al., 2014) . Unlike immunoglobulins (Igs), which are present in an atypical 'cluster' organisation (Litman et al., 1993; , it is thought that the TCR chains of cartilaginous fish exist in a translocon configuration similar to other bony vertebrates (Chen et al., 2010; Rast et al., 1997) . In addition to the four canonical TCR chains cartilaginous fish also have a novel TCR chain, NAR-TCR, composed of a TCRd C domain carrying two independently-rearranging V domains. The N terminal V domain is most closely related to that of IgNAR, a shark-specific Ig that does not associate with light chains (Criscitiello et al., 2006; Greenberg et al., 1996) . Some divergent TCR chains are also generated via trans-rearrangement between a TCR V region and that of a (presumably) near-by Ig (Criscitiello et al., 2010) . Cartilaginous fish also use somatic hypermutation to increase the diversity of TCR V regions, while mammals only mutate Ig Vs .
Currently, our understanding of the TCR complex of cartilaginous fish is fragmented; TCR chains have been characterised in nurse shark, while the genes encoding CD3ε, CD3gd and the z chain were recently annotated in the elephant shark genome. Therefore, to improve our understanding of the TCR complex of cartilaginous fish and its evolutionary history in vertebrates, we set about characterising the complete set of genes encoding TCR chain and CD3 proteins in a single elasmobranch species, the small-spotted catshark (Scyliorhinus canicula) and quantified their mRNA expression patterns in a range of tissues.
Materials and methods

Small-spotted catshark
Three male and one female captive-bred, small-spotted catsharks (Scyliorhinus canicula) of approximately three years of age, were maintained in artificial seawater at 8e12 C in indoor tanks at the University of Aberdeen. Animals were overdosed in MS222 prior to sacrifice and tissue harvest. All procedures were conducted in accordance with UK Home Office 'Animals and Scientific Procedures Act 1986; Amendment Regulations 2012' on animal care and use.
RNA isolation and cDNA synthesis
A range of tissues (epigonal organ, gill, Leydig organ, spiral valve, liver, heart, muscle and stomach) were collected from each animal, diced into small pieces and either flash frozen or immersed in RNAlater then stored at À80 C (Sigma). Total RNA was extracted by mechanical disruption of the tissues in TRIzol reagent (Sigma) and the subsequent addition of 1/3 volume of chloroform. After centrifugation at 4 C the upper phase was collected and the RNA precipitated through the addition of isopropanol and incubation at À80 C for at least 3 h. Following centrifugation at 4 C, the RNA pellet was washed three times with 70% ethanol. The pellet was allowed to air dry after aspirating the remaining ethanol and then re-suspended in RNase-free water. The RNA was quantified via a NanoDrop ® ND-1000 spectrophotometer; for all samples the 260/280 and 260/230 ratios were 2.0 ± 0.2. RNA integrity was tested by gel electrophoresis then stored at À80 C for future use. First strand cDNA for PCR and rapid amplification of cDNA ends (RACE)-PCR was synthesised from 2 mg of total RNA extracted from spleen. For use in PCR, first strand cDNA was synthesised using illustra™ Ready-To-Go™ RT-PCR Beads (GE Healthcare) with oligo (dT) primer, while for RACE-PCR it was synthesised using the SMARTer II RACE Kit (Clontech Ltd.). After a genomic DNA removal step first strand cDNA for quantitative real time PCR (qPCR) was synthesized from 1 mg total RNA from each tissue using the QuantiTect Reverse Transcription Kit (Qiagen Ltd.), and a noreverse transcriptase (NRT) control was made containing a pooled RNA equally representing all samples and all reagents but not the reverse transcriptase. For each kit the manufacturer's instructions were followed.
PCR, cloning and sequencing
An in-house, normalised multi-tissue small-spotted catshark transcriptome (sequenced on the Ion Proton ™ Sequencer and assembled with Trinity v20131110) (Redmond et al., in preparation) was BLAST searched for TCR and CD3 transcripts, seeding with sequences taken from across vertebrate phylogeny (sequence accession numbers provided in Supplemental Table 2 ).
Nested 5 0 or 3 0 RACE-PCR using gene specific primers (primer details provided in Supplemental Table 2 ) and the universal primers provided in the RACE kit was performed as per the manufacturer's instructions to complete partial sequences. Cycling conditions for both rounds of RACE-PCR were as follows: 1 cycle at 95 C for 5 min; 35 cycles at 95 C for 30 s, 60 C for 30 s and 72 C for 90 s; 1 cycle at 72 C for 3 min. Completed sequences, as well as those found in full in the transcriptome, were amplified end-to-end by PCR using gene specific primers (Supplemental Table 2 ). PCR products were ligated into pGEM-T Easy vector (Promega) and transformed into heat shock-competent E. coli. Colonies containing vector with inserts were identified through blueewhite colour selection when grown on LB agar containing 100 mg/ml ampicillin, 25 mg/ml X-Gal and 25 mg/ml IPTG. Plasmid DNA was prepared from three independent white colonies and screened for insert size by standard PCR using SP6 and T7 primers under the following cycling conditions: 1 cycle at 95 C for 5 min; 25 cycles at 95 C for 30 s, 60 C for 30 s, and 72 C for 90 s; 1 cycle of 72 C for 3 min. Once the insert size was confirmed by gel electrophoresis, plasmids were sent to Eurofin MWG-Biotech for Sanger sequencing. Sequences confirmed in this manner were submitted to NCBI under the accession numbers given in Supplemental Tables 3 and 4 
Sequence analysis
The sequences returned from cloning experiments were used in BLAST searches (Altschul et al., 1990 ) against the non-redundant NCBI database to check for similarity with other characterized sequences. Subsequently, amino acid comparison was performed by aligning closely-related sequences from different vertebrate classes using MAFFT version 7 (http://mafft.cbrc.jp/alignment/server/ index.html - Katoh and Standley, 2013) . Combined transmembrane topology and the presence of signal peptide were predicted using Phobius (http://phobius.sbc.su.se/; K€ all et al., 2004) and Tmhmm (http://www.cbs.dtu.dk/services/TMHMM/; M€ oller et al., 2001) . N-linked glycosylation sites were predicted using NetNGlyc 1.0 Server (http://www.cbs.dtu.dk/services/NetNGlyc/; Salim et al., 2003) . Conserved domains were identified using CDSearch (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi; Marchler-Bauer et al., 2014) . Secondary structure of TCR variable regions was predicted with PSIPRED Protein Sequence Analysis Workbench (http://bioinf.cs.ucl.ac.uk/psipred/).
Phylogenetic analysis
Multiple sequence alignment (MSA) was performed in PRANK (Loytynoja and Goldman, 2008; L€ oytynoja and Goldman, 2010) . Sequences were adjusted manually to reduce long gaps in BioEdit 7.2.5 (Hall, 1999) , and the best-fitting amino acid substitution model was estimated by maximum likelihood using the IQ-TREE server (Nguyen et al., 2014 ) (WAG þ I þ G4 for both CD3 proteins and TCR constant chains).
Two Markov chain Monte Carlo (MCMC) chains of Bayesian phylogenetic analysis were executed using BEAST v.1.8.1 (Drummond et al., 2012) for each dataset; with a lognormal uncorrelated relaxed clock (Drummond et al., 2006) , yule speciation process, random starting tree, and MCMC chain lengths of 20 million states (sampled every 1000 states). Tracer v1.6 (http:// beast.bio.ed.ac.uk/Tracer (Rambaut et al., 2014) ; was used to assess convergence and mixing of the MCMC traces (effective sample size values were greater than 200 for all estimated parameters). The trees generated from both runs were combined with LogCombiner v1.8.1 after removing 10% as burn-in. A maximum clade credibility tree was then created with TreeAnnotator v1.8.1 and visualised using FigTree v1.4 (http://tree.bio.ed.ac.uk/software/ figtree/).
Quantitative real time PCR (qPCR)
We performed qPCR according to MIQE guidelines (Bustin et al., 2009) . RNA was extracted from 9 different tissues from four smallspotted catsharks as described above. qPCR reactions contained 5 ml first strand cDNA, generated as described above, 1.5 ml sense/antisense primers (at 10 nM), 7.5 ml 2Â Brilliant III SYBR ® Green QPCR Master Mix (Agilent Technology) and 1 ml RNase free water to give a final volume of 15 ml qPCR primers were manually designed and checked with NetPrimer (http://www.premierbiosoft.com/ NetPrimer/AnalyzePrimer.jsp; Supplementary Table 2) . Reactions were performed on a Stratagene Mx3005P system (Agilent Technology) with 1 cycle of 3 min at 95 C then 40 cycles of 20 s at 95 C and 20 s at 64 C followed by dissociation analysis, where a single peak was observed in all cases. All samples were present in each plate in duplicate with NRT and a no-template control (NTC). Cq values were calculated from baseline-corrected SYBR fluorescence data with a standardised threshold and the baseline set between 3 and 15 cycles. For each run, the NRT and NTC controls produced negligible amplification, indicating a lack of contamination from carried over genomic DNA or other DNA sources. A cut-off of "no expression" was set at 36 Cq for each experimental qPCR assay, approximating the limit of reliable detectability. The efficiency of each primer pair was calculated using LinRegPCR v.11 (Ruijter et al., 2009) , following the authors recommendations.
Five reference genes (RPL13, RPS13, RPS19, ACTb and EF1a) were tested using the NormFinder modelling algorithm (Andersen et al., 2004) within Genex v5 (MultiD Analysis AB), accounting for variance in regulation across tissues and individuals. This analysis indicated that the combined expression of RPL13 and RPS13 provided the most appropriate normalization factor. Samples giving poor quality cDNA (showing no expression of reference genes) were excluded from the analysis, leaving only one sample for peripheral blood lymphocytes (PBL) and pancreas, and three samples for Leydig organ. Raw qPCR data were normalized to the expression of RPL13 and RPS13 and the relative expression calculated on a scale quantitatively comparable across all genes (assigning a value of 1 to the average of the expression of all genes combined across tissues using Genex v5).
To test if differences in gene expression between tissues were statistically significant for each tested gene, we performed KruskalWallis H tests, along with Dunn's post-hoc test returning p-values adjusted using the Bonferroni correction (Pohlert, 2014) with a 95% confidence level (Theodorsson-Norheim, 1986) using packages within R (R Core Team, 2014). Mean, standard error and standard deviation were also calculated in R with the summarySE function of the Rmisc package (Hope, 2013) . Data were visualised with bar chart plots in R using the ggplot2 package (Wickham, 2009 ).
Results
Characterisation of multiple TCRb and CD3gd in small-spotted catshark
Putative small-spotted catshark TCR and CD3 transcripts were identified through a BLAST search of our in-house, normalised multi-tissue transcriptome using those of other vertebrates as the query (accession numbers provided in Supplementary Table 1) . Based on our initial assignments using BLAST searches against characterized vertebrate proteins (i.e. subject to confirmation by phylogenetic analysis), we identified single genes for TCRa, TCRg, TCRd, CD3ε and z, two variants for CD3gd and two variants for TCRb in small-spotted catshark (NCBI accession numbers provided in Supplementary Table 3 ). Sequences were confirmed by cloning and Sanger sequenced as described previously. The discovery of multiple putative CD3gd and TCRb genes was unexpected, so to investigate this finding further, we searched additional available cartilaginous fish datasets (consisting of an in-house nurse shark transcriptome [unpublished data], the published transcriptome and genome of little skate (Wang et al., 2012; Wyffels et al., 2014) , and the published transcriptome and genome of elephant shark (Venkatesh et al., 2014) ), using our small-spotted catshark transcripts as the query; the resultant hits suggest the presence of three TCRb C variants and two CD3gd variants in the nurse shark, two TCRb C and one CD3gd in little skate, and two TCRb C and two CD3gd in the elephant shark ( Figs. 1 and 2 ), a finding missed by previous studies.
Multiple independent duplications of TCRb and CD3gd in jawed vertebrates
Previous studies used distant outgroups (e.g. Richards and Nelson, 2000) or unrooted phylogenies (e.g. Parra et al., 2007) to establish the relationship between the different TCR chains. Here, for the first time, we utilised a relaxed clock rooting method, allowing us to statistically infer the root without including distant outgroups (Drummond et al., 2006) , as performed successfully for other gene families over similar evolutionary timescales (Macqueen and Wilcox, 2014; Redmond et al., in preparation) . Phylogenetic analysis revealed that the shark TCR constant domain and CD3 sequences form clades with their respective counterparts from other vertebrates (Figs. 1 and 2 respectively) . The root for TCR constant chains falls in between TCRa/TCRd and TCRg/TCRb, while the root for CD3 gene separate CD3ε and CD3gd (Cd3g and CD3d for mammals) and z. These results are congruent with previous studies (e.g. Richards and Nelson, 2000) . The relatively low homologies of the TCRb and CD3gd variants (72% and 56% respectively) combined with the fact that both form multiple phylogenetic clusters, containing sequences from different cartilaginous fish species, supports the conclusion that the two variants are not allelic forms of the same gene. Each variant was cloned multiple times for both genes, from the mRNA of different individuals, and no variation in sequence was observed (data not shown). While the sequence data for TCRb is not consistent with the variants being alternate splice forms, the fact that the first 18 amino acids of the two CD3gd variants are identical (also at the DNA level), in both catshark and nurse shark, suggests the variants are a product of a partial gene duplication and share the exon(s) encoding this region (Supplemental Fig. 1) .
Intriguingly, our analysis also shows that TCRb has duplicated independently multiple times during jawed vertebrate evolution (Fig. 1) , and underwent at least four duplication events in the cartilaginous fish lineage alone; one duplication in the ancestor of the elephant shark (or all chimeras) after the separation with elasmobranchs, while two independent duplications happened in an ancestor common to nurse shark, and small-spotted catshark, and one duplication happened in an ancestor of the skate lineage (Fig. 1) . As the two TCRb variants of elephant shark share a much higher similarity (92%) than those of catshark (72%), it suggests that the elephant shark duplication either happened later in this species' evolutionary history or, alternatively, that on-going gene conversion events have homogenised older gene duplicates.
CD3gd appears to have duplicated at least twice in the ancestor of all cartilaginous fishes with the partial duplication being a third event in a common ancestor of nurse shark and small-spotted catshark (Fig. 2) . However, support at key nodes was low and so additional analysis were performed without more distant outgroups; these analyses again suggested that at least two duplications occurred in the ancestor of cartilaginous fishes, but the patterns of duplication are different, with the partial duplication occurring in the ancestor of all cartilaginous fishes (Supplemental Fig. 2) . The incongruence between these analyses make the precise timing of the CD3gd partial duplication difficult to assign. Reanalysis once full sequences from nurse and elephant shark are available might help to resolve the exact timing of this duplication.
Conservation of TCR constant chain structure in small-spotted catshark
We characterised the four canonical TCR C domains in smallspotted catshark; as in previous studies of cartilaginous fish analysis of our TCRs transcripts suggested the presence of a single gene for TCRa, TCRg and TCRd. However, unlike previous studies, we identified two significantly different transcripts for the TCRb C region.
Comparison of the amino acid sequences of the small-spotted catshark TCR constant regions with other vertebrates shows Fig. 1 legend. Accession numbers for the sequences used are presented in Supplementary Table 4 . Fig. 1 . Bayesian phylogenetic analysis of the TCR constant domain from a range of jawed vertebrates including small-spotted catshark (generated under the WAG þ I þ G4 model). Posterior probability values are included for each node. The alignment was performed using PRANK. Accession numbers for sequences used are presented in Supplementary Table 3 . conservation of gross structure (IgSF constant domain, connecting peptide, transmembrane region and a short intracellular cytoplasmic tail; Fig. 3 ). The two canonical cysteines in the extracellular domain necessary for intradomain disulphide bonding are conserved, as are the positively charged residues in the transmembrane region required for association with the CD3 complex (Fig. 3) . Small-spotted catshark TCRa, like TCRa from other cartilaginous and bony vertebrates, lacks the connecting peptide motif 'FETDXNLN', which is thought to play a role in signal transduction and CD8 co-receptor function in mammals (B€ ackstr€ om et al., 1996; Mallaun et al., 2008) . The 'SRLR' sequence that in mammals mediates association of TCRb with TCRa chains is conserved in all elasmobranchs analysed (Arnaud et al., 1997) (Fig. 3) . There are no major structural differences between the two TCRb constant regions and both variants carry the glutamine (position 136 in human) crucial for signalling (B€ ackstr€ om et al., 1996) .
As mentioned earlier, cartilaginous fish TCR genes are thought to be present in the typical translocon organisation, rather than the atypical 'cluster' organisation observed for their Ig genes (Litman et al., 1993) . In mammals, which also express two TCRb variants, the locus contains multiple V segments each of which can rearrange with either of two downstream D-J n-C blocks ( Fig. 4a ; translocon configuration). To better understand the TCRb organisation in catshark, and determine if it had a similar structure to that of mammals, we used 5 0 RACE-PCR with C domain specific primers for both TCRb variants to sequence the V regions. The sequences obtained (Fig. 4b) show that the two C domains are associated with distinct V and J segments suggesting two separate clusters, each having one V, (at least) one D and one J segment and a C domain ( Fig. 4a; cluster configuration) .
While full characterisation of the small-spotted catshark TCR V region repertoire was not an aim of this project, all of the V region sequences obtained shared the markers typical of IgSF V domains and are presented in FASTA format in Supplemental Fig. 3 for the use of others.
While we did not identify NAR-TCR in this study it does not exclude its presence in this species. We did identify a single V region that was a hybrid of IgM (Crouch et al., 2013) and TCRd (Supplemental Fig. 4) , indicating trans-rearrangement occurs in catshark as well as nurse shark.
Surprising absence of the proline-rich domain in small-spotted catshark CD3ε
CD3 sequences were confirmed by PCR from catshark spleen cDNA. Again the expected gross structure (leader peptide followed by extracellular, transmembrane, and cytoplasmic domains) is conserved in all three CD3 subunits (Fig. 5) . The extracellular domain of CD3ε contains a canonical IgSF domain, however domain-prediction software did not identify this domain in CD3gd-A and CD3gd-B even though they both contain the tryptophan and the two canonical cysteines common to IgSF domains and critical for the b-sandwich tertiary structure. The CXXCXE motif important for TCR complex assembly and signal transmission is conserved in the extracellular region of CD3ε and both CD3gd variants. The charged amino acid necessary for TCR complex formation is present in the transmembrane region of all the CD3 proteins, with the notable exception of CD3gd-B, suggesting it may have a different mode of interaction. The ITAM motifs necessary for the transmission of intracellular signals are conserved in all four CD3 proteins, with CD3ε and both CD3gd having only one ITAM motif and z three ITAMs (Fig. 5) . Interestingly the canonical SH3 binding motif PXXDY, important for Nck binding, is not conserved in the cytoplasmic tail of small-spotted catshark CD3ε. Amino acid comparison shows that the same motif is missing in nurse shark however it is present in elephant shark CD3ε (Fig. 5a ).
It was apparent from the MSA that the small-spotted catshark z extracellular domain is shorter than that of other vertebrates, including the elephant shark (Fig. 5b) . To confirm this unexpected finding 5' RACE-PCR was performed and the sequence obtained was identical to the one retrieved from our in-house transcriptome databases, having a stop codon before the sequence shown in Fig. 5b . BLAST searches in additional small-spotted catshark transcriptome datasets (Mulley et al., 2014 ) also show a stop codon in the same position, indicating the catshark z transcript is indeed shorter than the others (510bp, encoding 169aa) . Interestingly the missing region corresponds to the first exon of mammalian z, suggesting this exon has either been lost in catshark or is skipped during mRNA splicing (perhaps due to a point mutation or frameshift). Despite this, the cysteine in the transmembrane region required for z homodimer formation is conserved in small-spotted catshark.
In other species, the 'LG(X) 4 DPRG' motif in CD3gd aids binding to CD3ε (Dietrich et al., 1996) however this motif is absent from both small-spotted catshark CD3gd variants. Small-spotted catshark CD3gd-A has two predicted N-linked glycosylation sites at N 42 and N 49 which are absent in CD3gd-B (Fig. 5c ). Nurse shark CD3gd-B has only one predicted glycosylation site. While both nurse shark CD3gd sequences were partial, it was possible to identify the conserved CXXC region and part of the ITAM domain (Fig. 5c) . In nurse shark, as in small-spotted catshark, only one of the two variants has the negatively charged amino acid required for TCR binding, while in the other variant this residue has mutated to serine. The presence of serine in both small-spotted catshark and nurse shark suggests this change occurred in a common ancestor of the elasmobranchs.
TCR complex genes are highly expressed in secondary lymphoid tissues
Baseline mRNA levels for each of the TCR-CD3 complex genes in a range of catshark tissues are shown in Fig. 6 . Due to the small sample size (four individuals), it was not possible to identify a statistical significant difference in the expression of each gene; however all the genes showed a similar pattern, with the highest transcript levels observed in spleen followed by gills and spiral valve, and the lowest levels in muscle (p-values presented in Supplemental Table 5 ), an expression pattern similar to that observed for TCR in nurse shark (Criscitiello et al., 2010) . This result is not unexpected as the spleen is the major secondary lymphoid organ in sharks and where the adaptive immune response primarily occurs (Rumfelt et al., 2002; Zapata and Amemiya, 2000) . Further, the gills and spiral valve will come into direct contact with externally-derived pathogens and so would also be expected to have some secondary immune function. While pancreas and PBL were excluded from the statistical analysis due to the presence of only one cDNA sample, TCR/CD3 expression in the one available PBL sample was almost as high as spleen, whereas that in the one pancreas sample was much lower than that of other tissues (Supplemental Fig. 5 ).
The expression of CD3ε and CD3gd-A were significantly higher than CD3gd-B, TCRa, TCRb-A, and TCRd (Supplementary Table 5 ). Although TCRg and TCRd had similar expression levels, TCRb-A and TCRb-B (combined) had almost double the expression of TCRa, although this difference was not statistically significant. The two TCRb paralogues did not show significantly different expression in any of the tissues examined (p-value 0.1786; Fig. 6 and Supplemental Table 6 ). In contrast, CD3gd-A showed almost six times higher expression than CD3gd-B in all of the tissues examined (p-value 0.0063; Fig. 6 and Supplemental Table 6 ). (Toyonaga et al., 1985) . The second scheme represents a multi-cluster organisation, where each TCRb constant region and their VDJ are present on separate clusters (Rast et al., 1997) . ( 
Discussion
This report describes the TCR/CD3 complex genes of the smallspotted catshark and represents the first molecular cloning of the full complement of CD3 subunits from any cartilaginous fish species. As expected the gross structural features required for CD3-TCR interaction and functioning are highly conserved between cartilaginous fish and other vertebrates (including mammals).
Despite this, a number of notable differences were observed; firstly, both small-spotted catshark and nurse shark CD3ε lacked the non-canonical PXXDY SH3 binding motif, which in mammals is important for Nck binding (Takeuchi et al., 2008) . Although the SH3 binding motif is absent we were able to find transcripts for both Nck1 and Nck2 in our catshark transcriptomic database and both possessed the amino acids required for CD3ε binding (Supplementary Fig. 6 ; Saksela and Permi, 2012) implying they can still associate with CD3ε. Indeed it has been reported that some proteins, such as SAM68, which do not have a PXXDY motif can bind to Nck (Kesti et al., 2007) , while other studies have identified non-canonical SH3 binding motifs where binding is regulated by the conformation of the target molecule (Barnett et al., 2000; Saksela and Permi, 2012) . Interestingly, the PXXDY motif is present in elephant shark CD3ε, suggesting that the loss of this motif is restricted to elasmobranchs. The functional significance of this change for elasmobranch CD3ε requires further investigation.
We were also surprised to find two variants of the CD3gd gene in both small-spotted catshark and nurse shark. However, on closer examination it was clear the CD3gd-B variant does not possess all of the expected characteristics of a CD3gd protein; while both variants have the CXXC motif and ITAMs necessary for transmitting phosphorylation signals into the T cell, the negatively charged residue in the transmembrane region necessary for non-covalent binding with the TCR chain is only present in CD3gd-A. Additionally there are two potential N-linked glycosylation sites in the extracellular domain of CD3gd-A that are absent in CD3gd-B. A previous study in chicken showed that glycosylation of CD3gd is necessary for binding to CD3ε (G€ obel et al., 2000) . An absence of glycosylation on CD3gd has been previously reported in teleosts, where the glycosylation site was present in CD3ε instead (Guo and Nie, 2013) however this is not the case in small-spotted catshark (Fig. 5c ). Expression analysis of small-spotted catshark CD3gd genes indicate that both have high expression in spleen compared to other tissues, but CD3gd-A expression is six times higher than that of CD3gd-B across all tissues. The differences in sequence and expression between the two paralogues suggest divergence of function following CD3gd duplication. In the future, it will be important to define the precise role of the two CD3gd variants in the shark TCR complex.
Another novel finding of our study was the presence of multiple TCRb variants in cartilaginous fish. Although the presence of multiple TCRb C chains in elasmobranchs was suggested previously by Rast et al. (1997) , firm evidence was lacking until the current study. The two TCRb constant chains found in small-spotted catshark have a similar structure and tissue expression profile. Multiple TCRb genes have previously been documented in vertebrate species ranging from mammals (2 TCRb C domains) to axolotl (4 TCBb Cs) and zebrafish (2 TCRb Cs) (Fellah et al., 2001 (Fellah et al., , 1993 Meeker et al., Fig. 6 . Constitutive tissue expression levels of catshark TCR/CD3 complex genes in vivo. Expression levels are expressed as arbitrary units normalised against the expression of RPL13 and RPS13 and are provided on a scale that is quantifiably comparable across genes. The results are presented as the mean þ SD for four animals with the exception of Leydig organ where only three individuals were used. Fig. 1 legend. Important residues that are different in sharks are in white highlighted in dark grey (in yellow for online version). Sequence length, percent amino acid identity compared to small-spotted catshark CD3gd-A and to small-spotted catshark CD3gd-A are shown at the end each sequence respectively. 2010; Toyonaga et al., 1985) . In both mammals and zebrafish, the TCRb C domains are organised in a translocon configuration and although they have independent D and J segments, they share the same V segments (Meeker et al., 2010; Toyonaga et al., 1985) . Preliminary analysis indicates the two TCRb C domains in catshark utilise different V and J segments, suggesting the genes for the TCRb chain may be present in the 'atypical' cluster organisation (where the V, D and J segments are associated with a single set of C regions ( Fig. 4beHinds and Litman, 1986)) rather than translocon configuration suggested for the other shark TCR chains (Chen et al., 2009) . Unfortunately the scaffolds containing the TCRb C regions in the elephant shark genome were not long enough to confirm our hypothesis and our attempts to amplify the catshark TCR genes in their germline configuration have so far been unsuccessful.
The presence of multiple TCRb C regions in diverse vertebrate lineages could be due to a duplication in the ancestor of all jawed vertebrates followed by lineage-specific conversion events or, alternatively, recurrent lineage-specific duplications. If the latter is true this would suggest some selective pressure towards multiples copies of TCRb C regions, perhaps as another means to increase TCR diversity; why this occurs for TCRb and not the other TCRs is, as yet, unexplained. While this study revealed new information about the evolutionary history of the TCR receptor complex, it also raises exciting new questions for future exploration.
